The g-adrenergic receptors (OARS) are members of the large family of G protein-coupled receptors. There are three PAR subtypes &AR, g2AR &AR), each of which is coupled to Gas and the stimulation of intracellular CAMP levels. While g,AR and gzAR are broadly expressed throughout tissues of the body, &AR is found predominantly in adipocytes. Stimulation of the PARS leads to lipolysis in white adipocytes and nonshivering thermogenesis in brown fat. However, in essentially all animal models of obesity, the PAR system is dysfunctional and the ability to stimulate lipolysis and thermogenesis is impaired. Nevertheless, we and others have shown that selective g,AR agonists are able to prevent or reverse obesity and the loss ofpAR expression and to stimulate thermogenesis. This chapter will review the current understanding of the role of the sympathetic nervous system and the adipocyte PARS in models of obesity; the physiologic impact of changes in BAR expression on body composition and thermogenesis; and the regulation and unique properties of PAR subtypes in brown and white adipocytes.
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The latter includes our recent discovery of novel signal transduction mechanisms utilized by &AR to activate simultaneously the protein kinase A and MAP kinase pathways.
The impact of understanding these pathways and their potential role in modulating adaptive thermogenesis is discussed.
I. Thermogenesis: Control of Heat Generation and Body Composition

A. BROWN FAT THERMOGENESIS AND UNCOUPLING OF MITOCHONDRIAL RESPIRATION
The rich and varied history of brown adipose tissue (BAT) as an anatomically discrete tissue type included speculations during the 17th century that it was part of the thymus and, a century later, that it was an endocrine organ involved in blood formation or a form of fat acting as a reservoir for certain nutrients (Lindberg, 1970) . It wasn't until 1961 that BAT was proposed to be thermogenic (Ball and Jungas, 1961; Smith, 1961) . Since that time, an immense body of work has shown that BAT is uniquely capable of responding to various environmental stimuli to generate heat from stored metabolic energy. In response to sympathetic nervous system (SNS) activation, noradrenergic stimulation of beta-adrenergic receptors (PARS) (with a lesser contribution from CL 1 AR) triggers an orchestrated hyperplastic and hypertrophic expansion of BAT. There is also a dramatic increase in blood flow and recruitment of metabolic fuel (i.e., free fatty acids, glucose) to support a massive increase in oxidative metabolism (Bukowiecki et al., 1982; GBloi5n et al., 1992) . A unique and critical element of this thermogenic machine was recognized to be the presence of a brown fat-specific mitochondrial uncoupling protein (UCP), originally called "thermogenin" (Cannon et al., 1982) . This mitochondrial protein allows controlled proton "leakage" across the inner mitochondrial membrane, along its electrochemical potential gradient, for the purpose of heat generation at the expense of coupled adenosine triphosphate (ATP) production ( Figure 1 ). Cloning of the gene for the brown fat UCP (now called UCPl) from rodents provided the opportunity to investigate the molecular mechanism of thermogenic uncoupling in mitochondria and regulation of the UCP gene and protein by hormonal and metabolic stimulation (Bouillaud et al., 1984; Kozak et al., 1994; Larose et al., 1996) . Today, although there is still much debate conceming'the specific mechanism by which UCPl promotes proton movement (Garlid This simple cartoon compares the relationship between mitochondrial respiration that is "coupled" to the production of ATP via the ATP synthase, vs. the UCP-dependent transfer of protons across the inner membrane down the electrochemical gradient, whose action yields heat as a result of a need for increased tbel consumption to maintain ATP levels. RECEPTORS & ADIPOSE TISSUE 311 et al., 1998; Bouillaud, 1999; Klingenberg et al., 1999) , there is little dispute that this specialized member of the mitochondrial carrier family is responsible for the utilization of metabolic fuel to render mitochondrial metabolism inefficient, the byproduct of which is heat.
B. THERMOGENIC DEFECTS IN OBESITY
From the earliest studies of the ob/ob or "obese" mouse (now called leptindeficient C57BL/6J LepfJh), there was evidence that these mice were not only obese, hyperglycemic, and hyperinsulinemic but that they also exhibited extreme sensitivity to the cold (reviewed in Bray and York, 1979) . Histologically, BAT in these obese animals appears "inactive" in that it is infiltrated by white adipocytes and lacks the rich density of UCPl-containing mitochondria normally seen in lean animals (Cinti, 1999) . The blunted capacity for adrenergic stimulation of lipolysis in adipose tissue of these animals (described in Section IIIA) probably also hinders the direct activation of UCPl protein by free fatty acids. Other monogenic obesity models and hypothalamic lesioning studies in rodents all indicated a complex set of neural and endocrine abnormalities, culminating in the loss of homeostatic mechanisms controlling both food intake and metabolic efficiency (reviewed in Bray et al., 1990) .
The suggestive role for brown fat thermogenesis in body weight regulation was further strengthened by two sets of studies. First, mice lacking brown fat as a consequence of targeted expression of diptheria toxin in brown adipocytes (Lowell et al., 1993 ) became obese and somewhat hyperphagic. Since the adipocyte-derived hormone leptin (the product of the ob locus) (Zhang et al., 1994) regulates food intake, metabolic rate, and thermogenesis in brown fat (Campfield et al., 1995; Halaas et al., 1995; Pelleymounter et al., 1995; Collins et al., 1996) the obesity in brown fat-ablated mice may be a result of the inability of leptin to modulate brown fat thermogenesis. Second, Kopecky and Kozak showed that overexpression of UCPl in white adipose tissue (WAT) could ameliorate obesity syndromes resulting from either genetic or dietary manipulation (Kopecky et al., 1996a,l996b) . In our studies, we have shown that high-fat feeding differentially increases plasma leptin, body temperature, and expression of UCPl in BAT in the obesity-resistant A/J strain of mice (Surwit et al., 1997 (Surwit et al., ,1998 . Since temperature is a surrogate measure for metabolic rate (Rising et al., 1992) this suggests that increased plasma leptin in response to high-fat feeding may serve to modulate the subsequent accumulation of body fat in rodents through increased metabolic activity in BAT. Recently, the notion that brown fat and UCPl play a pivotal role in regulating body composition has been complicated by observations from specific targeted disruption of the UCP 1 gene: these animals are completely intolerant of the cold, but are not obese (Enerback et al., 1997) . Nevertheless, the inverse relationship between energy expenditure (particularly resting metabolic rate) and
obesity has been observed repeatedly in laboratory animals and in humans (Ravussin et al., 1982; Landsberg and Young, 1984; Sims and Danforth, 1987; Spraul et al., 1993 Study of lipolysis and thermogenesis in WAT and BAT by @AR has witnessed episodic confusion and controversy, as the number of adrenergic receptor subtypes has grown by molecular cloning and new pharmacologic tools have become available. For many years, it was generally accepted that a single PAR subtype controlled adipocyte metabolism (Fain and Garcia-Sainz, 1983; Bahouth and Malbon, 1988) . This view began to erode as ever-more-selective sympathomimetic agents were developed that could discriminate between &AR and P2AR. Major evidence for a "new" PAR subtype distinct from pt-or P2AR appeared when Arch and colleagues (1984) reported that a series of new P-adrenergic ligands that were clearly not "classical" PtAR or P2AR ligands had remarkable anti-obesity effects in the severely obese and diabetic C57BL/6J LepfJh mouse. These novel compounds increased oxygen consumption, eliminated the classic cold intolerance of these animals, and, importantly, reduced their excess adipose tissue stores. In 1989, the first report of a novel PAR subtype, PsAR, was published (Emorine et af., 1989), followed by reports of homologous genes in rodents (Granneman et al., 199 1; Muzzin et al., 1991; Nahmias et al., 1991) . It is now apparent that earlier results from PAR radioligand-binding studies in adipose tissue were misleading, because the classical PAR radioligands (e.g., cyanopindolol) exhibit a 20-to 50-fold weaker affinity for /3sAR than for PtAR and P2AR (Tate et al., 1991) . Therefore, PsAR levels were essentially undetected and any estimates made of PtAR and P2AR were distorted.
Many studies have documented the potent anti-obesity and antihyperglycemic properties of ever-more-selective PsAR agonists in a variety of animal models (Arch et al., 1984; Himms-Hagen et al., 1994; Largis et al., 1994; Collins and Surwit, 1996; Collins et al., 1997; Sasaki et al., 1998) . In most species studied, including some studies in nonhuman primates, PsAR-agonist treatment is associated with increased density of brown adipocytes expressing UCPl within typical WAT depots (Champigny et al., 1991; Himms-Hagen et al., 1994; Collins et al., 1997; Fisher et al., 1998; Sasaki et al., 1998) . At least from our studies in various inbred strains of mice, the relative success of ps agonists as an anti-obesity therapy appears to depend upon genetic background and parallels the quantitative extent of this expansion of BAT (Collins et al., 1997) . Others have reported similar effects of cold exposure as well as acute &-agonist stimulation in a series of recombinant inbred strains of mice (Guerra et al., 1998) . Importantly, in our studies, we have observed, as shown in Figure 2A , that the beneficial effects of PsAR agonists to decrease adipose tissue mass and improve glycemic control in mouse models of obesity and diabetes can persist, even after many weeks of chronic treatment (Collins et al., 1997) . This apparent lack of functional desensitization is rather unusual, particularly since tachyphylaxis is a hallmark of most receptor systems. It is likely that P3AR activation and stimulation of downstream effecters can continue because PsAR is neither a target for phosphorylation (Liggett et al., 1993) nor does it bind p-arrestin ; discussed in Section II), an accessory protein that is involved in desensitization of G protein-coupled receptors (Letkowitz, 1998) . In addition, as shown in Figure 2B , this decrease in body fat stores is not due to changes in food intake, dispelling the notion that these agents possess satiety properties.
Controversy over the Existence of P3AR in Humans
The remarkable results from selective I&AR agonist treatment in various laboratory animal models have fueled intense investigation of these drugs as potential obesity and/or diabetes therapies for humans. The presence of PsAR in adult human adipose tissue has been a subject of great debate. Part of the difficulty stems from the fact that PsAR-selective agonists such as BRL37344 and CL316,243 initially were used to assess functional PsAR in fat samples from humans as well as nonhuman primates. The problem here is that these compounds are, at best, weak partial agonists at the primate homologues of PsAR (Strosberg, 1997) . Therefore, many studies with these compounds yielding negative results need to be carefully viewed in this light. There is now clear evidence of PsAR in human adipose tissue but the levels found in human fat cells are clearly much lower than those observed in rodents (Krief et al., 1993; Weyer et al., 1998) and are most evident in brown adipocytes found clustered amongst white fat cells, particularly within intra-abdominal depots. As a result of this visceral location, it has been difficult, to say the least, to quantify the relative abundance of these brown adipocytes among individuals and in response to drug treatments.
Humans are essentially like dogs and monkeys in that, as newborns, there are discrete depots of brown fat that "disappear" with growth into adulthood. However, upon treatment with selective PsAR agonists, dogs and rhesus monkeys have been found to exhibit increased metabolic rate, decreased fat mass, and the appearance of brown adipocytes scattered within the so-called typical "white" adipose depots, similar to what we and others have observed in mice and rats (Champigny et al., 1991; Fisher et al., 1998; Sasaki et al., 1998; Shih et al., 1999) . These studies are promising in that they suggest that humans also may respond to Obesity induced by high-fat feeding and its prevention by a &AR agonist. Thirty A/J male mice were obtained from Jackson Laboratories (Bar Harbor, Maine) at 4 weeks of age. Groups of IO mice were randomly assigned to a low-fat diet (open circles), high-fat diet (tilled circles), or high-fat diet containing 0.001% CL3 16,243 (filled squares). (A) Animals were weighed at biweekly intervals throughout the 16 weeks on the diets. (9) Food intake measurements over a 24-hour period were made for individual animals at three different times during the study (after 2 weeks, 6 weeks, and 16 weeks on the diets). Each group of 10 animals was housed individually and grams of food consumed over 24 hours were measured. Caloric content of each diet was calculated based on 5.55 k&g for the high-fat diets and 4.07 kcal/g for the low-fat diet. #, significantly different from low-fat fed animals at p < 0.05. *, significantly different from low-fat and high-fat animals at week 6 and from low-fat animals at week 16, p i 0.005. [Adapted from Collins, S., and Surwit, R.S., J. Eiol. Chem. 271, 9437-9440, 1996 these compounds. However, there is clearly a need for a more thorough, largescale analysis of intra-abdominal adipose tissue from humans, in order to obtain a more-accurate assessment of the extent to which brown adipocytes remain in adult humans. Likewise, the ability of newer compounds that are Ml agonists and antagonists for human PsAR to directly modulate lipolysis in monkey or human fat cells should help to clarify these issues and to determine whether a similar recruitment of thermogenically active brown adipocytes will result from treatment of adult humans with PsAR agonists.
3. Why Three PARS in Adipocytes?
The realization that adipocytes can express all three members of the PAR family (van Liefde et al., 1992; Galitzky et al., 1993; Collins et al., 1994; Rohlfs et al., 1995) , each coupled to the stimulation of adenylyl cyclase and the protein kinase A (PKA) pathway, raises the question as to whether these receptors are simply redundant or are responsible for regulating distinct cellular responses. Since the adipocyte-specific PsAR lacks sites for regulatory phosphorylation, a process that triggers rapid desensitization of most G protein-coupled receptors, it was postulated that, during times of intense sympathetic stimulation, PsAR would remain functional while PrAR and @zAR became downregulated. However, even prior to discovery of P3AR, studies in primary cultures of rodent brown adipocytes strongly suggested that PAR subtypes may regulate discrete cellular functions in adipocytes. For example, PtAR was shown to be linked to the proliferation of brown adipocytes in response to increased SNS stimulation (Bukowiecki et al., 1982; G&o&n et al., 1992) . Following the discovery of PsAR and the development of immortalized brown adipocyte cell systems (Kozak et al., 1992; Klaus et al., 1994) , we examined the ability of individual PAR subtypes to induce expression of UCPl and to stimulate cell proliferation. We showed that induction of UCPl transcripts could occur by any of the PAR subtypes, although it appeared that the most-robust stimulation was achieved when the PARS were activated simultaneously . By contrast, as shown in Figure 3 , the norepinephrinestimulated proliferation and associated induction of c-fos and junB in B7 brown adipocytes were observed only in response to PtAR and, to a lesser extent, via P2AR but not via PsAR or alAR. As will be discussed in Section IIB, the ability of the PARS to couple to different signal transduction pathways, or to be physically localized in proximity to certain downstream targets, might contribute to nonoverlapping PAR functions in the adipocyte. It should be noted that these immortalized brown adipocyte cell systems can provide certain significant advantages over primary cultures, particularly in terms of clonal purity and ease of growth. However, the maintenance of certain phenotypic characteristics -most notably, expression of UCPl -can wane with passage (Irie et al., 1999).
II. Regulation and Signal Transduction Properties of the PsAR
A. ADIPOCYTE-SPECIFIC EXPRESSION OF &AR REQUIRES CIEBPa
Unlike PIAR and P2AR, whose expression is quite ubiquitous, P3AR is confined to adipocytes. From studies in adipocyte cell lines -such as 3T3-F442A (Figure 4) , 3T3-Ll, and C3HlOT1/2 -functional P3AR appears relatively late during the process of adipogenesis (Feve et al., 1991) ; Dixon et al., in press ). Two groups of transcription factors are responsible for initiating and maintaining adipocyte differentiation: CCAAT/enhancer binding protein (C/EBP) (Darlington et al., 1998) and peroxisome proliferator-activated receptor-gamma (PPARy) (Spiegelman, 1998) the early stages of adipocyte differentiation, with C/EBPP and C/EBPG preceding the appearance of C/EBPcl (Cao et al., 1991; Yeh et al., 1995) . More recent studies indicate that the expression of PPARy is partially under the control of the C/EBP family of transcription factors and vice versa (reviewed in Wu et al., 1999) . By examining a series of adipogenic cell lines expressing various combinations of PPAR? and C/EBPs, we find that CiEBPa is required for the adipocyte-dependent expression of the mouse i33AR gene ( Figure 5 ). We have defined the C/EBP-binding site responsible for this regulation in the PsAR promoter (Dixon et al., 2000) .
B. COUPLING OF P,AR IN ADIPOCYTES TO MULTIPLE SIGNALING PATHWAYS
Long before the discovery of &AR and its recognition as a unique, adipocyte-specific receptor controlling lipolysis and thermogenesis, the Rodbell group made the observation that there was an unusual, biphasic stimulation of cyclic AMP (CAMP) production in adipocytes in response to the PAR agonist isoproterenol (Cooper et al., 1979) . Depending upon the concentration of guanosine triphosphate (GTP) in the assay, isoproterenol could either stimulate or inhibit adenylyl cyclase activity in adipocyte plasma membranes. Murayama and Ui (1983) showed that this inhibitory phase could be relieved by pretreating adipocytes with pertussis toxin (PTX). and &AR were examined by Northern blotting and adenylyl cyclase activity (not shown). Cyclophilin (cycle) mRNA levels were monitored as a control for the amount of RNA applied to the gel. 1992), it was postulated that this novel, adipocyte-specific PAR may be responsible for the biphasic adenylyl cyclase response in adipocytes (Begin-Heick, 1995) . We previously noted that, despite the relatively high level of expression of P3AR in adipocytes, the efficiency of coupling of P3AR to stimulation of adenylyl cyclase is rather low (Collins et al., 1994) . However, until recently, there had been no clear biochemical demonstration of physical coupling of P3AR to Gi, other than comparative functional experiments in the presence or absence of PTX. Nor had there been any indication of what additional second messenger pathway may be activated as a consequence of this putative coupling of P3AR to Gi. We recently reported (Soeder et al., 1999) that &AR is simultaneously coupled to Gs and Gi, with the consequent activation of the PKA and mitogen-activated protein (MAP) kinase pathways, respectively ( Figure 6 ). Physical coupling of P3AR to Gs and Gi was demonstrated in cultured adipocytes using a photolabeling technique that relies upon the ability of agonist-activated receptor to trigger Go-subunit dissociation and binding of GTP. Thus, these data showed the restraining effect of Gi on CAMP production and the dependence of MAP kinase signaling on Gi activation by PsAR (Soeder et al., 1999) . More recent work in our laboratory shows that novel sequence elements within the PsAR itself are responsible for the direct recruitment of SH3 domain-containing signaling molecules such as c-Src. This interaction is required to trigger the extracellular signalregulated kinase (ERK) cascade Cao et al., 2000) (Figure  7 ). Further complicating this situation is the possibility that other members of the MAPK cascade may be involved. This realization that P3AR in adipocytes is coupled to multiple signaling pathways has potentially important implications for understanding the unique physiologic properties of selective agonists for this receptor. For example, the discoveries that hormone-sensitive lipase (HSL), a classic target of PAR-mediated PKA activation, is phosphorylated by (an)other kinase (Anthonsen et al., 1998) and that HSL is probably not a single isozyme (Saltiel, 2000) require that we re-examine our thinking about how this regulation is achieved. In addition, the lipogenic transcription factor PPAR? can be phosphorylated by ERKlR on Ser 112. This modification serves to blunt its transcriptional activity (Hu et al., 1996; Adams et al., 1997) . Alternatively, expression of the transcriptional coactivator PGC-1, which has been shown in model systems to stimulate mitochondriogenesis (Wu et al., 1999) , is stimulated by CAMP (Puigserver et al., 1998) . Thus, the possibility needs to be explored that the combined activation of the PKA and MAPK pathways could underlie the PsAR agonist-dependent appearance of thermogenically active brown adipocytes and a change in energy balance away from lipid storage, although this is admittedly just speculation at this point.
III. Regulation of Body Composition by
Adipose Tissue P-Adrenergic Receptors
A. IMPAIRED ADIPOSE TISSUE ADRENERGIC SIGNALING IN OBESITY
It was known for many years that obese C57BL/6J Lepob and C57KsJ LepRdb mice exhibited a marked inability to effectively mobilize triglycerides from WAT and were unable to recruit BAT for thermogenesis in response to cold temperature. These deficiencies indicate that adrenergic mechanisms regulating metabolism in both white and brown fat are affected (discussed in Collins et al., 1994) . While defects in SNS outflow have been shown to be associated with obesity in these models (Levin et al., 1983; Takeuchi et al., 1994) , other experiments clearly indicated that there was impaired PAR function at the level of the adipocyte itself, independent of the availability of catecholamines (Shepherd et al., 1977) .
In the late 1970s and early 1980s many investigators tried to determine the nature of the molecular defect in adipocytes from these obese animals. The components of the adrenergic signal transduction pathway (at least those which were known at the time; which did not include PsAR) were examined. Despite a severe blunting of P-adrenergic stimulation of CAMP production and lipolysis, the activity of adenylyl cyclase itself and other downstream effecters of the lipolytic process did not differ between lean and obese animals (Begin-Heick and Heick, 1977; Shepherd et al., 1977) . The discovery of PsAR as a adipocyte-specific PAR subtype forced a re-evaluation of years of work on adipocyte adrenoceptors. Therefore, we examined the expression and functional activity of all three PARS in adipocytes from lean and genetically obese (C57BL/6J LepfJb) mice. Figure 8 shows the impaired ability of p agonists to stimulate adenylyl cyclase activity in WAT from the Lepob and the dramatic decrease in expression of PsAR as well as a 80 percent loss of PiAR in these obese mice, compared to lean littermates (Collins et al., 1994) . In these studies, a series of detailed pharmacologic analyses allowed us determine the relative contributions of the three subtypes to the response and to conclude that these reductions in expression of specific PAR subtypes are fully responsible for the defects in catecholamine-stimulated lipolysis and thermogenesis observed in the C57BL/6J Lepoh mouse. Similar findings of depressed P3AR mRNA levels in the Zucker fatty (fa/fa) rat were reported by Muzzin et al. (1991) but their relationship to changes in the function of the receptor and tissue responses were not examined in that study. We extended these original findings in the Lepob mouse to several other models of obesity. Significant deficits in the expression and function of adipocyte PARs were found in essentially every model of obesity that we have examined, including obesity induced by high-fat feeding in nomnutant mice and in the slowly developed obesity associated with aging (Gettys et al., 1995) .
The molecular basis for this dramatic impairment in PAR expression and function may be related to the abnormal endocrine profiles observed in these models of obesity (reviewed in Bray et al., 1990) . For example, in C57BL/6J Lepob and C57BL/6J LepRdb mice, hypercorticism is an important component in the development of obesity (Bray and York, 1979) . However, manipulation of this system in the face of leptin deficiency is unable to fully reverse this phenotype. There is also significant adipose deposition in humans with Cushing's syndrome, particularly in intra-abdominal regions (Wilson et al., 1998) . Despite this evidence for a role of the hypothalamic-pituitary-adrenal (HPA) axis in certain situations, most obese humans, as well as other mouse obesity mutants such as tubby and Cpefat (Naggert et al., 1995; Noben-Trauth et al., 1996) and diet-induced obese mice (Surwit et al., 1988) , have completely normal corticosteroid levels, yet clearly show reduced expression and function of adipocyte PsAR and j3tAR (Collins et al., 1997 .
B. OBESITY AND INSULIN RESISTANCE
The single, most-common variable among all animal models of obesity, as well as a large percentage of obese humans, is the coexistence of hyperinsulinemia and insulin resistance. Due to this strong association between compromised glycemic control, obesity, and PAR expression and function, we have proposed that this contributes, either directly or indirectly, to the inhibition of adipocyte PAR expression and function . The result is impaired catecholamine-stimulated lipolysis, which exaggerates the excessive lipid storage in the adipocyte and consequent obesity. Evidence in support of this hypothesis includes the observation that P3AR expression rapidly declined in differentiated 3T3-F442A mouse adipocytes treated with insulin (Feve et al., 1994) . In addition, a role for insulin in affecting PAR function in adipocytes is suggested by a series of studies showing that suppressing hyperinsulinemia with the KATP channel agonist, d&oxide, results in improved ability to stimulate lipolysis and a significant loss of adipose tissue mass (Alemzadeh et al., 1996 (Alemzadeh et al., ,1998 . The mechanism by which insulin may negatively impact PAR function is not known but may be related to an insulin-dependent decrease in expression or function of C/EBPo: (MacDougald et al., 1995) , which we now know is critically required for proper expression of PsAR in adipocytes .
We provided additional support for the hypothesis that hyperinsulinemia directly affects adipocyte PAR function in a recent study in which we used diazoxide to suppress diet-induced hyperinsulinemia in B6 mice. We observed a restoration of both PsAR expression and function. Animals treated with diazoxide exhibit lower plasma insulin levels and increased CAMP production in adipocytes in response to a selective PjAR agonist . As a consequence of the restoration of PsAR expression by diazoxide, increased CAMP production was accompanied by significant loss of WAT mass. In combination with PsARagonist stimulation, there was a significant increase in UCPl in brown fat. Because diazoxide could have some direct effects on Ca+2 influx through the adipocyte sulfonyl urea receptor 1 and KATP to increase lipolysis (Shi et al., 1999) , it is not clear to what extent the effects of diazoxide are due to decreased circulating insulin. In spite of this, the clinical efficacy is encouraging for future studies to explore the mechanisms responsible for these effects of d&oxide, with and without a selective PsAR agonist.
C. DISCOVERY OF UCP 1 HOMOLOGS AND LINKAGE WITH METABOLIC FUEL HOMEOSTASIS Strong evidence of a proton "leak" in mitochondria from non-BAT tissues such as liver (Porter and Brand, 1993) coupled with sporadic observations that the brown fat UCP could be detected in other tissues such as muscle (Yoshida et al., 1994 ) (primarily when using antisera to measure protein levels), led Ricquier and colleagues to search for UCP homologues. In 1997, the isolation of UCP2, a novel gene with significant homology (59 percent) to the brown fat UCP (now named UCPl) was reported (Fleury et al., 1997) . In addition to its ability to uncouple respiration as efficiently as UCPl in model systems, UCP2 was broadly expressed in many tissues. These features of UCP2 led to the proposition that it was the long-sought explanation for the relative inefficiency of oxidative respiration seen in most cell types. In those initial studies, we noted that the UCP2 gene resides in a location on mouse chromosome 7 that is coincident with a quantitative trait locus (QTL) linked to hyperinsulinemia and high plasma leptin levels (reflective of body fat stores). In addition, we showed that consumption of a high-fat diet increased expression of UCP2 specifically in WAT in strains of mice that are relatively resistant to the development of diet-induced obesity and diabetes but not in obesity-prone strains of mice (Fleury et al., 1997; Surwit et al., 1998) .This upregulation of UCP2 gene expression was postulated to be due to increased flux of fatty acids and a PPAR-dependent increase in UCP2 expression (Aubert et al., 1997; Camirand et al., 1998; Viguerie-Bascands et al., 1999) . Subsequent discovery of another UCP homologue, UCP3, which is expressed predominantly in skeletal muscle and brown fat, was reported by several groups (Boss et al., 1997; Vidal-Puig et al., 1997) . The structural homology between these UCPs and basic features about their regulation and expression in various rodent models and human populations have been recently reviewed (Boss et al., 1998; Ricquier et al., 1999) . Because the UCP3 gene is also located 8-10 kb 5' to the UCP2 gene in both the mouse and human genomes Surwit et al., 1998) , this close linkage relationship means that either or both (or neither) of these UCPs could be related to this QTL. However, we could find no evidence for changes, at least in expression of UCP3, in the mouse models that originally defined this QTL (Surwit et al., 1998) . Confounding the concept that these novel UCPs may be involved in dissipation of excess caloric energy, it was reported that fasting led to increases, rather than decreases, in expression of UCP2 and UCP3. Dull00 and colleagues showed that blockade of the fasting-induced rise in free fatty acids completely prevented the increase in UCP2 and UCP3 mRNA (Samec et al., 1998 (Samec et al., ,1999 Cadenas et al., 1999) . Thus, in the aggregate, these novel UCPs would appear to be involved in the metabolic adaptations required during the fasted state, which requires a switch in fuel source from predominantly glucose to predominantly fatty acids. More importantly, since neither UCP2 nor UCP3 are expressed in hepatocytes under normal conditions, neither of these UCPs would appear to explain the well-documented proton leak in these cells (Porter and Brand, 1993) .
Recently, several groups, including our own, have generated mice with targeted disruption of the UCP2 gene (Arsenijevic et al., 2000; Zhang et al., submitted) or the UCP3 gene (Gong et al., 2000; Vidal-Puig et al., 2000) . At this point, there is no evidence of significant effects on either body temperature or body weight in either UCP2-or UCP3-deficient mice, even when challenged with a hyperlipidemic diet. However, since strain background can significantly affect the propensity to develop obesity and diabetes, the consequences of UCP2 or UCP3 deficiency may be revealed only under certain genetic or environmental situations. Nevertheless, novel phenotypes that are emerging in UCP2 -/-mice (Arsenijevic et al., 2000; unpublished observations) should help to shed light on the physiologic role of these mitochondrial proteins. Indeed, if we consider the fact that the mechanism of uncoupling by UCPl is still debated many years after its discovery, perhaps we should not be surprised that efforts to determine the function of UCP2 and UCP3 at the physiologic and molecular level are unresolved.
IV. Summary
During the past decade, the discovery of a host of new molecules involved in adipocyte metabolism (Friedman and Halaas, 1998) , thermogenesis (Lowell and Spiegelman, 2000) and hypothalamic peptides and receptors (Schwartz et al., 2000) have led to new concepts and paradigms about the control of fuel intake and metabolism. While our understanding of the importance of catecholamines in controlling lipolysis and thermogenesis in the adipocyte is established, it is clear that we still have much work to do in order to understand the interplay between PAR subtypes, their signaling pathways, and their regulation. Since pharmacologic treatments for obesity that focus on depressing food intake will likely never overcome the inevitable drop in energy expenditure that accompanies caloric restriction (Leibel et al., 1995) future discoveries in PAR signaling mechanism and their targets in the adipocyte may provide not only insight into the "expenditure" side of the energy balance equation but also another therapeutic angle to exploit in the treatment of the growing obesity problem.
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